Diabetes is a major health problem worldwide, and there is substantial interest in developing xenogeneic islet transplantation as a potential treatment. The potential to relieve the demand on an inadequate supply of human pancreata is dependent upon the efficiency of techniques for isolating and culturing islets from the source pancreata. Porcine islets are favored for xenotransplantation, but mature pigs (>2 years) present logistic and economic challenges, and young pigs (3-6 months) have not yet proven to be an adequate source. In this study, islets were isolated from 20 juvenile porcine pancreata (~3 months; 25 kg Yorkshire pigs) immediately following procurement or after 24 h of hypothermic machine perfusion (HMP) preservation. The resulting islet preparations were characterized using a battery of tests during culture in silicone rubber membrane flasks. Islet biology assessment included oxygen consumption, insulin secretion, histopathology, and in vivo function. Islet yields were highest from HMP-preserved pancreata (2,242 ± 449 IEQ/g). All preparations comprised a high proportion (>90%) of small islets (<100 μm), and purity was on average 63 ± 6%. Morphologically, islets appeared as clusters on day 0, loosely disaggregated structures at day 1, and transitioned to aggregated structures comprising both exocrine and endocrine cells by day 6. Histopathology confirmed both insulin and glucagon staining in cultures and grafts excised after transplantation in mice. Nuclear staining (Ki-67) confirmed mitotic activity consistent with the observed plasticity of these structures. Metabolic integrity was demonstrated by oxygen consumption rates = 175 ± 16 nmol/min/mg DNA, and physiological function was intact by glucose stimulation after 6-8 days in culture. In vivo function was confirmed with blood glucose control achieved in nearly 50% (8/17) of transplants. Preparation and culture of juvenile porcine islets as a source for islet transplantation require specialized conditions. These immature islets undergo plasticity in culture and form fully functional multicellular structures. Further development of this method for culturing immature porcine islets is expected to generate small pancreatic tissue-derived organoids termed "pancreatites," as a therapeutic product from juvenile pigs for xenotransplantation and diabetes research.
INTRODUCTION
A recent report on worldwide markets and emerging technologies for tissue engineering and regenerative medicine emphasizes the alarming statistics concerning the rapidly growing worldwide problem of diabetes as an estimated 366 million cases that will be diagnosed in the next 20 years (21). Type 1 diabetes accounts for 5%-10% of all diagnosed cases, but 27% of type 2 diabetes patients also require insulin. Therefore, about a third of all diabetics could potentially benefit from a cell-based therapy that restores insulin production, particularly one that is minimally invasive such as isolated islet infusion into a heterotopic site (especially if this can be accomplished without the need for systemic immunosuppression). This situation clearly demonstrates a major clinical/commercial impact for new technologies that provide desperately needed improved methods of pancreas preservation to produce better yields of high-quality islets.
Ever since the first experimental attempts to ameliorate type 1 diabetes by transplantation of allograft donor islets, the field has been challenged by the need for improved methods of retrieving and/or obtaining islets from donor pancreata. There is a considerable worldwide effort to further develop the concept for treating type 1 diabetes by transplanting islets, but clinical application of the techniques developed in animal models is fraught with many challenges. The source of the islets remains a primary concern, and isolation from donor pancreata demands resolution of questions concerning the source, supply, and condition of the donor organs. Reliance upon an adequate supply of human organs for this purpose is considered limited, such that alternative sources are actively being sought (6, 20) .
Various mammals are considered potential candidates for xenogeneic islet transplantation. Of these, pigs are considered the donor species of choice for xenogeneic islet transplantation for a number of compelling reasons. Pigs share many physiological similarities to humans, and porcine insulin has demonstrated clinical efficacy for many years. Pigs are raised as a food source and provide an ethical source of donor islets by being housed in a controlled environment to ensure safety for porcine islet xenotransplantation (18, 19) . However, experiences in many laboratories over the past decades show that isolation of porcine islets appears to be more difficult (15, 16, 30, 33, 49) compared with the isolation of human (24), bovine (14), or rodent islets (44). For example, porcine islets are less compact and tend to fragment during the isolation procedure and during prolonged periods of in vitro culture (3, 39) . Moreover, the age, and even the strain, of the donor pig has been documented by several groups to markedly influence the islet isolation process, with young, so-called market-size pigs (£6 months old) proving to be particularly difficult as a source of transplantable islets (3, 7, 13, 22, 49) . Islets from adult pigs (>2 years old) offered higher yields and retained better morphology during the isolation process and culture, in association with higher functional properties after transplantation (7) . Despite the challenge encountered by many groups attempting to isolate islets from young pigs, donor pigs of market weight (<50 kg, £6 months old) are preferred to retired breeders (>200 kg, ³2 years old) due to their abundance and relative cost efficiency with lower animal and husbandry costs. They are much easier to handle than >200 kg adults and more suitable to meet regulatory guidelines for donor tissue for xenotransplantation (3, 7, 11, 13, 43, 49) . If the supply of islet cells could be augmented by culturing and improving the therapeutic capacity of donated islets from more readily available sources (such as young pigs), these new sources would provide sufficient material to become a new treatment for insulin-dependent diabetes, assuming immunological issues (rejection) are eventually addressed.
Preservation of the pancreas prior to islet isolation is also a critical step in the procedure, and we have recently described a technique for 24-h hypothermic machine perfusion (HMP) of pancreata that facilitates islet isolation from young pigs (46-48). The research described here combines this technology with a culture method involving silicone-rubber membrane (SRM), gas-permeable flasks (34) in an attempt to develop a system for culture and shipping of these fragile juvenile porcine islets for research and possible future xenotransplantation. In so doing, the immature porcine islets were observed to undergo plasticity during 7 days in culture resulting in larger aggregate structures comprising both endocrine and exocrine cells. For convenience, we refer to these aggregates as "pancreatites" to reflect their apparent structure as small pancreatic tissue-derived organoids, not previously described to our knowledge.
MATERIALS AND METHODS

Ethics Statement
For the respective work at each institution, the Department of Comparative Medicine at the Medical University of South Carolina (Charleston, SC, USA) Institutional Animal Care and Use Committee (IACUC) approved the research protocols with pigs, and the University of Minnesota (Twin Cities, MN, USA) IACUC approved the research protocols with mice, as described in this article. Every effort was made to minimize suffering, and all studies complied with the USDA Animal Welfare Act Regulations, the Public Health Service Policy on Humane Care and Use of Laboratory Animals, and the recommendations in the guide for the Care and Use of Laboratory Animals (NIH).
Islet Isolation and Culture
Islets were isolated by conventional mammalian tissuefree collagenase (Roche Custom Biotech, Indianapolis, IN, USA) digestion of juvenile porcine pancreata (2-3 months old, 25-30 kg Yorkshire pigs) either between 2 and 3 h after procurement (fresh) or after 24 h of HMP using the methods we have previously reported (46) (47) (48) . Briefly, pancreata preserved by HMP were perfused using the Lifeport Kidney Transporter and KPS1 perfusion solu tion, both from Organ Recovery Systems (Itasca, IL, USA). The liberated islet tissue was purified by Optiprep densitygradient separation (Sigma-Aldrich, St. Loius, MO, USA) and cultured for up to 7 days at 37°C. The isolation and culture protocols were identical for both fresh and HMP pancreata. ME199 medium (Mediatech, Herndon, VA, USA) was used for the duration of the culture period and modified based on our experience with the addition of an antioxidant, 50 mM Trolox (Roche, Basel, Switzerland), a broad spectrum antiapoptotic agent, quinoline-Val-Asp-difluorophenoxymethylketone (Q-VD-OPH; 10 μM from MP Biomedical, Santa Ana, CA, USA), and 10% porcine serum (gibco, Life Technologies, Carlsbad, CA, USA) (9) . The isolation product was then characterized using a battery of tests at various time points during culture in SRM flasks (Wilson Wolf Manufacturing, New Brighton, MN, USA). Islet morphology was assessed daily by phase contrast microscopy (Olympus IX70 inverted microscope) in the presence of dithizone (diphenyl thiocarbazone (DTZ)) (Sigma-Aldrich) stain, and the dynamic cell morphology was recorded in digital micrographs. Viability, functional status, and islet biology were assessed using established islet quality assays at various time points during the culture period, including measurements of oxygen consumption rate normalized to DNA (OCR/DNA), static insulin secretion [glucose-stimulated insulin secretion (gSIS)], immunohistochemistry (IHC), and confocal microscopy. Extended quality assessment entailed shipment of pancreatite structures overnight by standard courier to the laboratories of our collaborators at the University of Minnesota (UMN; Minneapolis, MN, USA) and Yale University (New Haven, CT, USA). For these shipments, we used the shipping version of the Wilson Wolf silicone membrane flasks (34), using a temperature-controlled shipping system (42). Perifusion insulin release measurements were done at Yale as previously reported (31), and postshipment evaluation and diabetic nude mouse transplantation was done at the UMN. The extended assessments at Yale and UMN did not compare fresh versus HMP pancreatites due to limited data sets. All data are reported as the mean and the standard error of the mean (SEM), with statistical comparisons between two groups using a two-tailed unpaired t-test, and comparison between multiple groups using one-way repeated measures analysis of variance (ANOVA) and Tukey's multiple comparison post hoc test. Statistical tests were done using Prism 5.0 (graphPad Software Inc, La Jolla, CA, USA).
Islet Assessments
Islet Quantification. Following islet isolation and purification, the total number of islets was determined using standard published techniques (3, 40) . A volume of 50 μl of the purified prep was added to 2 ml of DTZ stain inside a 35 × 10-mm tissue dish with grid (Sarstedt Ag & Co., Nümbrecht, germany). Thus, islet tissue clusters were stained in contrast to exocrine tissue and then counted and converted to islet equivalents (IEQs) according to standard convention (3, 40) . Counting the pancreatites using the conventional method was challenging given the colocalized nature of stained and unstained tissues in each sample. To ameliorate observer bias, all counts were performed in duplicate by two independent observers, and reported values are averages of both counts. The purity of the islet preparation was also assessed by comparing DTZ-stained tissue to unstained exocrine tissue.
OCR/DNA. The OCR/DNA assay is a measure of isolated islet functional viability and is used as a predictor of islet function in vivo (35) (36) (37) (38) . Oxygen consumption rate measurements of the islets were done on the same day as isolation, after 7 days in culture, and after shipment to the University of Minnesota (day 8). Designated islet samples (~5,000 IEQ/sample) were collected, washed, and suspended in Dulbecco's modified Eagle's medium (Mediatech) containing 4.5 g/L of l-glutamine and supplemented with 100 U/ml of penicillin, 100 μg/ ml of streptomycin (Sigma-Aldrich), and 10 mM N-2hydroxyethylpiperazine-N¢-2-ethanesulfonic acid (HEPES) (Sigma-Aldrich) without serum. Each islet suspension was divided into three or more 200-μl titanium chambers. The chambers were sealed and maintained at 37°C. The time-dependent oxygen partial pressures (pO 2 ) within the chambers were recorded over time using a fluorescentbased fiber optic oxygen sensor (Micro Oxygen Uptake System; FO=SYSZ-P250; Instech Laboratories, Plymouth Meeting, PA, USA). The OCR was then calculated as previously described (35). The cell suspensions were then carefully removed from the chambers and processed for DNA quantification as described below.
DNA Quantification. Islet samples analyzed by the OCR assays were subsequently sampled for quantification of DNA content. To measure DNA content, islet samples were diluted in an aqueous cell lysis solution of 1 M of ammonium hydroxide (Thermo Fisher Scientific, Pittsburgh, PA, USA) and 3.4 mM of Triton X-100 (Sigma-Aldrich) and sonicated to ensure adequate cell lysis. DNA content was determined using the Quant-iT Picogreen dsDNA kit (Molecular Probes, Eugene, OR, USA) as per the manufacturer's instructions. Fluorescence readings were taken on a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA)
Islet Insulin Content and Stimulated Secretion Assay.
Islet insulin release upon exposure to low and high glucose concentrations was determined following an initial recovery of 1 h at 37°C in low, 2 mM of glucose (in RPMI-1640; gibco, Life Technologies) solution. Consecutive 30-min islet incubation periods (37°C water bath shaker) in 2.5, 16.7, and then 2.5 mM glucose solution, respectively, were performed, each followed by careful supernatant removal and freezing (0.5 ml), and islet resuspension in the next glucose concentration solution. A total of 12 × 1.5-ml conical tubes, each containing 25 IEQs in 1 ml of glucose solution, were employed. gravity-driven sedimentation of islets was used prior to supernatant removal. The insulin content of frozen supernatants and samples was determined using porcine insulin enzyme-linked immunosorbent assay (ELISA) kits (Alpco Diagnostics, Windham, NH, USA) and normalized to islet equivalents.
Histology, Immunohistochemistry, and Confocal Microscopy
Islet samples containing 1,000-2,000 IEQs were collected from cultures 7-8 days following isolation. The samples were immediately fixed in 10% buffered formalin (Thermo Fisher Scientific) for at least 24 h and then transferred to a 70% ethanol solution. Fixed samples were embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin (H&E) (Thermo Fisher Scientific). For insulin, glucagon, and Ki-67 immunohistochemical staining, sections were cut at 4 μm, deparaffinized, and rehydrated, followed by incubation with 3% hydrogen peroxide to quench endogenous peroxidase activity. Following appropriate antigen retrieval, sections were incubated with the primary antibody (guinea pig anti-swine insulin; 1:300 dilution; cat. #A0564; Dako, Carpinteria, CA, USA; rabbit anti-human glucagon; cat. #NB120-1846; Novus Biologicals, Littleton, CO, USA; mouse anti-human Ki-67 monoclonal antibody clone MiB-1; 1:50 dilution; cat. #M7240; Dako). Antigen detec tion was done with anti-rabbit polymer (EnVision by Dako), and color visualization was done using 3,3¢diaminobenzidine (DAB; Dako). Amylase labeling was done with a goat polyclonal antibody (cat. #SC-12821 from Santa Cruz Biotechnology, Santa Cruz, CA, USA), and the detection kit was PoLink-2 Plus HRP (cat. #D43-110 from gBI Labs, Mukilteo, WA, USA). The same protocols were used for examining explanted graft tissues. Double immunofluorescence staining for insulin/cytokeratins was done on formalin-fixed, paraffin-embedded sections cut at 4 μm. For insulin labeling, sections were first deparaffinized, rehydrated, and incubated with guinea pig anti-swine insulin (Dako) for 60 min. Next, sections were incubated in the dark with fluorescein isothiocyanate (FITC)-conjugated, goat anti-guinea pig immuno globulin (Novus; cat # NB7397) for 60 min. Sections were then incubated with antibodies to wide spectrum cyto keratin (rabbit anti-cytokeratin; cat. #Z0622; Dako) followed by incubation in the dark with streptavidin-Alexa Fluor-594 (ThermoFisher Scientific; cat #21207) for 60 min. Finally, nuclear staining was done using TOPRO-3 (Molecular Probes). Labeled sections were examined with a laser confocal microscope (Bio-Rad Laboratories Inc., Hercules, CA, USA).
Nude Mouse Bioassay
Islets from six different preparations were shipped to the University of Minnesota for implantation into diabetic nude mice (n = 17). Mice (Crl:NU-Foxn1nu mice from Charles River Laboratories, Wilmington, MA, USA) were rendered diabetic by a 240-mg/kg intraperitoneal (IP) injection of streptozotocin (STZ; Zanosar, Pfizer, New York, NY, USA) (17). After diabetes establishment (hyperglycemia) was confirmed, and based upon our previous experience using this model, a dose of 2,000 IEQ of islets was transplanted into the renal subcapsular space of each mouse, and blood glucose and body weights were observed between 30 and 60 days following transplantation. The standard 30-day follow-up period was extended for a subgroup (n = 8) of these implants because it was suspected that these underdeveloped pancreatite structures may continue to mature in vivo and may offer delayed graft function. In some animals, the observation period was extended if the glucose levels were observed to decrease following transplant but had not yet reached the critical conclusive levels. Mice were considered to be diabetic when three consecutive blood glucose measurements of >300 mg/dl were observed, and a graft was considered functional upon a return to stable glycemic control when three consecutive blood glucose measurements were <200 mg/dl during the observation period. Mice with functioning grafts were nephrectomized following the observation period to ensure that blood glucose measurements returned to diabetic levels, after which the mice were sacrificed (17, 29, 35) .
RESULTS
Yields and purities for both fresh and HMP islets are reported in Table 1 , along with culture recoveries and insulin data. The average purified islet yield per gram of digested tissue was notably higher for islets isolated from HMP organs when compared to islets isolated from fresh controls with a 57% improvement observed for these studies, but due to the limited number of isolations studied and large variability this difference was not statistically significant (p = 0.285). Following culture for 1 week, pancreatites from both conditions were demonstrated to be fully functional in terms of insulin secretion in response to glucose challenge (Table 1) . When compared using a two-tailed unpaired t-test, average yield, average purity, culture duration, culture recovery, insulin stimulation index, and insulin content were not different between groups (p > 0.05).
These observations were consistent with our recently published findings describing islet isolation from juvenile porcine pancreata after . Islets isolated from HMP and fresh pancreata exhibited similar behavior in culture and yielded comparable functional outcomes (OCR/DNA, IHC, nude mouse transplants); therefore, the results reported on these aspects represent the observations of islets from both groups.
As illustrated in Figure 1A , islet preparations from both fresh and HMP pancreata comprised a high proportion (>90%) of small islets (<100 μm) immediately following isolation. The DTZ-stained islets appeared as "grape-like" clusters on day 0. Figure 1 also shows the plasticity observed during subsequent postisolation culture of the immature islets. The term "plasticity" is used according to the definition of the ability of a biological system to be altered into different shapes and/or behavior according to varying environmental conditions. Each panel (A-E) shows the typical appearance of the b-cells (stained red with DTZ) and exocrine (unstained, gray-brown) at various time points during 1 week of culture postisolation and after shipment (Fig. 1F ). The gross morphology of the islets was observed to change during the first 24-48 h in culture (compare the looser more fragmented nature of the day 1 cultured islets in Fig. 1B , with the "grape-like" clusters of islets on day 0 immediately post-isolation in Fig. 1A) .
During the initial 48 h of culture, the islets appeared to disaggregate to form strings of cells, and then they associated with residual non-DTZ-stained tissue ( Fig. 1B and  C) . The most significant observation is the transition of the tissue from this loosely disaggregated appearance at 24 h (day 1) to more condensed, aggregated structures comprising both exocrine and endocrine cells by days 4-7 ( Fig. 1D and E) .
The pancreatite structures shipped to Yale University maintained their structural integrity and demonstrated dynamic insulin secretory responses to a standard panel of secretagogues as described in a previous publication (31). Moreover, pancreatite samples shipped to the University of Minnesota (n = 5) retained their morphology and their metabolic capability as demonstrated by the oxygen consumption measurements, which were not significantly different to the preshipment values. The OCR/DNA was measured to be (mmol/min/mg DNA) = 134 ± 19 at day 0; 159 ± 25 on day 7 (preshipment), and 175 ± 16 on day 8 (postshipment) , and analysis by one-way ANOVA (p = 0.3391) with Tukey's multiple comparisons posttest concluded that no significant differences were observed between timepoints.
Upon arrival in Minnesota, IHC of the tissue showed cells with insulin, glucagon, or amylase immunoreactivity among cells in the cultured aggregates ( Fig. 2A-C , respectively). Confocal microscopy of double immunofluorescently stained pancreatites showed strong, nonoverlapping staining for insulin and wide spectrum cytokeratins indicating the presence of both b-cells and ductal epithelial cells within the cultured tissue (Fig. 2D ). Furthermore, nuclear staining for Ki-67-MiB confirmed mitotic activity within the cell aggregates during culture (Fig. 3A) and within the graft posttransplant (Fig. 3B) . These observations suggest that the pancreatites are composed of both endocrine and exocrine cells prior to transplantation and that their formation was not simply due to aggregation but also due to growth by cell division and possibly maturation in culture and in vivo.
The pancreatites maintained metabolic integrity, demonstrated by oxygen consumption rates (175 ± 16 nmol/min/ mg DNA), and physiological function, confirmed by both static and previously published dynamic glucose stimulation (31). Furthermore, in vivo function was examined by transplantation under the kidney capsule in nude mice. Figure 4A shows the average blood glucose measurements for the eight animals that achieved glycemic control (blood glucose levels £200 mg/dl for 3 consecutive days), as well as the average blood glucose measurements of the nine animals that did not (shown separately for clarity). glycemic control was achieved in 8/17 mice (47%) on average 25 days posttransplantation (for these mice) with seven animals achieving control 10 or more days following transplant (Fig. 4B ). Postexplant glucose measurements were excluded from this figure due to variable explant timing, but all animals returned to hyperglycemic states (³3 consecutive Bg measurements ³300 mg/dl) following graft explant. The average mass of all animals was observed to decrease by 0.3 g from the time of transplant until nephrectomy or sacrifice, which was not statistically significant (p = 0.3722 for paired Student t-test comparing starting mass and final mass), and no animal was observed to lose more than 10% of starting body mass. Histopathology of explanted grafts confirmed persistent islet tissue within the graft, and sections showed strong insulin and glucagon staining ( Fig. 5A and B, respectively) ; however, minimal staining was observed for amylase and cytokeratin (data not shown).
DISCUSSION
Clinical trials are under way at several centers around the world to assess the efficacy of implantation of functional pancreatic islet cells as a potentially curative treatment for type 1 diabetes (1,45). Nevertheless, the limited availability of donor human pancreata means that clinical islet transplantation may not reach its full potential without reliance upon alternative sources of islets. Porcine islets are favored for xenotransplantation for a variety of reasons (33), but mature pigs (>2 years old) present logistic and economic challenges, and young pigs (3-6 months) have not yet proved to be an adequate source. As discussed by several investigators, experiences in many laboratories over several decades show that isolation of porcine islets appears more difficult than other mammals including humans, and the economically favored juvenile pig has proved even more problematic due to poor yields and extreme fragility of the immature islets (4, 7, 27, 41) . Despite some reports of successful isolation of islets from young market pigs (4-6 months old) the studies did not involve culturing the islets (27) Exocrine tissue remains unstained (light gray/yellow). Day 0 purified islets (A) show the familiar irregular shape of "grape-like" islet clusters. During the first 24 h in culture (B), the islets appear to disaggregate into strings of loosely clustered islets associated with the residual exocrine tissue. Between 2 and 4 days of culture (C and D), this process continues, and the clusters become larger and more condensed aggregate structures comprising both exocrine and endocrine cells. By 7 days, the larger reaggregated structures, which we termed "pancreatites," were clearly more dense and compact. The final panel (F) shows that the pancreatites remained morphologically intact following ambient shipment to Minnesota in Wilson Wolf flasks. Scale bars: 100 μm. fragments from infant pigs (<4 weeks old) (28). This model produces small numbers of islets compared with conventional models using older pigs, but the study demonstrates a robust capacity for continued in vitro development in culture thus supporting the basic premise of our study.
Preservation of the pancreas prior to islet isolation is also a critical step in the procedure, and we have recently described a technique for a 24-h HMP of the pancreas that facilitates islet isolation from young pigs (46-48). The research described here combines this technology with an effective culture method involving silicone membrane, gaspermeable flasks, in an attempt to develop a system for culture and shipping of juvenile porcine islets for research and possible future xenotransplantation. This contrasts sharply with conventional culture of porcine islets from pigs of any age, especially juvenile, which have proved to be too fragile and labile in culture to be of practical utility (7, 13, 39, 41) .
Special Conditions for Culture of Juvenile Porcine Islets
An important achievement of the studies reported here is the successful isolation and culture of juvenile porcine islets, which are notoriously difficult to establish and maintain in culture (7, 13, 41) . Until the introduction of the use of gas-permeable culture flasks (34) (Wilson Wolf Manufacturing) our experience was the same as many in the field in that islets from young market-size pigs are very difficult to maintain in culture. Conventional culture in regular flasks led to the demise of the islets within 12-24 h of culture. Even the purest preparations resulted in disappearance of islets within the first 24 h as reported previously by other investigators (13, 39, 41) .
Although considerable attention has been given to the formulation of media for islet culture as reviewed by Clayton and London (10) and Murdoch et al. (32) , very little attention was given to the role of oxygen transport Figure 4 . Mean blood glucose measurements (A) and diabetes reversal rate plot (B) from diabetic nude mice. Data from mice that received a renal subcapsular transplant of pancreatites shipped to Minnesota for assessment. Blood glucose data shown are grouped by outcome; 8 of 17 animals achieved glycemic control after an average of 25 days. Blood glucose measurements following explant are not shown for clarity due to differing points of euthanasia, although all animals reverted to hyperglycemia following explantation of the graft. Achievement of glycemic control was defined as three consecutive blood glucose measurements £300 mg/dl following transplant. The delayed control of blood glucose levels is suspected to reflect possible generation of a critical mass of insulin-secreting cells by neogenesis as evidenced by the positive Ki-67-MiB immunostaining in the explanted grafts.
until the introduction of gas-permeable substrates in the form of silicone-rubber membrane flasks (34). Islet density and aggregation have been shown to negatively impact islet survival in culture such that a marked improvement was demonstrated by increasing external pO 2 and culturing on an SRM (34). This new technology was therefore introduced in this study to complement changes to the culture medium and islet isolation after HMP (46, 47, 51) .
The ME199 medium was specially modified for porcine islet culture through the addition of various supplements and porcine serum (9) . Using this scheme, it was observed that the juvenile islets did not behave the same as conventional cultures of adult pig islets or even human islets. As described above, the immature porcine islets underwent plasticity during 7 days in culture resulting in larger, reaggregated structures. This contrasts markedly with the typical behavior of islets from adult species, which maintain their islet individuality and postisolation structure throughout conventional tissue culture. In cultures of adult islets, the contaminating exocrine tissue tends to disintegrate and disappear by autolysis, leaving an even purer preparation of individual islets (4). In contrast, the tissue from juvenile pigs appeared to reaggregate into larger, new structures comprising endocrine and exocrine cells in coexistence, hence the term "pancreatite." The aggregates demonstrated strong immunohistochemical staining for insulin, glucagon, and amylase ( Fig. 2A-C , respectively) and furthermore, confocal double staining (Fig. 2D ) clearly demonstrated the heterogeneous aggregated tissue character and confirmed the presence of both b-cells and ductal epithelial cells in the structures after 7 days in culture. For convenience, we refer to these aggregates as "pancreatites" to reflect their apparent structure as small pancreatic tissue-derived organoids, not previously described to our knowledge. These preliminary observations have been achieved by combining previously reported developments for modified preservation solutions and juvenile porcine islet isolation after HMP, with the use of SRM flasks. This phenomenological discovery of pancreatite formation using the combined technologies has been generated without specific knowledge of the relative contributions of each of the component systems. Hence, this new phenomenon provides the basis for further research to employ this combination of technologies for the synergistic development of "pancreatites" as a potentially new solution for generating a therapeutic product from juvenile pigs for xenotransplantation and diabetes research.
In Vitro Functional Assessment
The pancreatite cultures were monitored daily for 1 week to observe these changes in morphology and were assessed at critical points for quality by OCR/DNA, insulin secretion, histopathology, and IHC. The islet tissue function was also tested in vivo by nude mouse bioassay. The OCR/DNA results showed high tissue viability following culture (159 ± 25 nmol/min/mg DNA), and this viability was maintained following shipment to the University of Minnesota (175 ± 16 nmol/min/mg DNA). These observations are consistent with reports in the literature using similar shipping methods (25). The OCR/ DNA assay in conjunction with the total transplanted OCR dose has been shown to be an accurate predictor of diabetes reversal in nude mice transplanted with human islets. The viability level of the pancreatite structures was comparable with high-viability human islets reported in the literature (35) and sufficiently higher than the reported minimum OCR/DNA boundary (150 nm/min/mg DNA) required to reverse diabetes in mice with rat islets (36). This comparison can only be considered as a reference Future studies with colocalized staining to investigate the mitotic activity observed in these grafts will further illuminate the behavior and plasticity of these pancreatites in vivo. Scale bars: 50 μm. because, as discussed above, these preparations exhibit notable morphological and functional differences between adult pig islets and are also different from observations with human or rat islets. These differences, along with the limited reports in literature, warranted a brief examination of these structures in vivo and suggest a need for further studies examining the viability and function of these pancreatites.
In Vivo Functional Assessment
Further examination of the pancreatite functionality was assessed with a limited number of nude mouse transplants (n = 17). The average blood glucose of all the animals is shown in Figure 4A (separated into animals that remained hyperglycemic and those that achieved glycemic control) and demonstrates a gradual decrease in average fasting blood glucose levels with reversal of glycemic control achieved on average 25 days posttransplantation. Despite strong staining for insulin and glucagon in culture ( Fig. 2A and B , respectively) delayed function was observed in seven of the eight animals that showed glycemic control. These animals achieved glycemic control 10 or more days following transplant, as shown in Figure  4B . This is likely due to an inadequate functional b-cell mass immediately following transplant with possible islet neogenesis contributing to the primary graft function after 10 or more days in vivo. These results are consistent with the findings of Korbutt et al. describing the delayed graft function of neonatal porcine islet cell (NIC) aggregate transplants in nude mice (26). Neonatal pigs represent a much earlier stage of development (1-3 days old) compared to juvenile pigs used in our studies (1-3 months old). The study found a dose-dependent return to normoglycemia in nude mice transplanted with NIC aggregates and reported 100% achieved normoglycemia after 8 weeks for grafts with 2,000 aggregates (26). However, only 30% of these animals achieved normoglycemia after 4 weeks, suggesting that pancreatite grafts may offer expedited graft function compared to NIC grafts. It should also be noted that these in vivo results are highly dependent on the initial amount of grafted tissue (e.g., islet dose), and more rigorous methods for quantification of pancreatite tissue (e.g., DNA) or total b-cell mass would allow for a better understanding of the dose-dependent nature of glycemic control. Future studies to parallel these findings, which extend the transplant follow-up period of mice with pancreatite grafts, would provide a valuable comparison of these two similar cell sources. Furthermore, pancreatites exhibited notable staining for Ki-67-MiB in culture and in explanted grafts ( Fig. 3A and B , respectively), indicating an elevated level of mitotic activity. Separate sections from explanted grafts were also stained for insulin and glucagon (Fig. 5) to confirm the presence of endocrine islet tissue in the explanted graft. Strong staining for both hormones indicated that the endocrine phenotypes of these pancreatite cells were maintained in vivo. This finding supports the hypothesis of in vivo islet neogenesis, but quantitative morphometric analysis and colocalization with insulin staining would be required to confirm this mechanism.
Observed Pancreatite Potential for Regeneration
Over the past decade, significant advances have been made in developmental biology of the pancreas and other endoderm-derived organs. Studies on islet morphogenesis show that the majority of islet cells are formed in late gestation by the process of neogenesis from precursor cells. The changes observed in the early periods of our juvenile porcine islet culture system closely resemble the budding of islet cells from the ducts and reorganization to form clusters during the process of islet morphogenesis seen both in vitro and in vivo (8, 12, 23) . Bonner-Weir et al. among others have reviewed the plasticity of adult pancreatic cells and the ultimate feasibility of in vivo neogenesis (6, 20, 23) . In vitro differentiation of stem/progenitor cells into b-cells is being pursued as an important approach to generate a reliable and replenishable source of b-cells. Pancreatic ductal cell lines and primary ductal cells have been successfully differentiated into insulinexpressing cells by in vitro approaches, including treatment with growth factors (e.g., EgF, gastrin, exendin), expression of pancreatic transcription factors, and aggregation (23). The aggregation and plasticity of the pancreatic cell cultures derived in our preliminary studies using juvenile porcine pancreas is consistent with this approach and is remarkably complementary to the parallel studies of Bonner-Weir et al. For example, her group has shown that discarded digested pancreatic tissue from human islet isolations can be successfully processed to expand and differentiate the ductal cells over a period of 3-4 weeks in vitro to cultivate human islet buds consisting of cytokeratin-19-positive duct cells and hormone-positive islet cells (5). On the basis of these findings it may be important to extend the culture period of the juvenile porcine islets to 28 days to parallel Bonner-Weir's studies using human tissue. Since it is now believed that in vitro neogenesis may recapitulate development of the embryonic pancreas, the system we propose to develop using immature porcine pancreatic tissue will not only be an important, readily available, and economically viable source of therapeutic material but also will generate a new model to identify potential markers of neogenesis and to determine the molecular mechanisms underlying the process.
Pancreatite Size
The notable growth or size change of these structures is demonstrated by our observations in Figure 1 . In our 2010 study of HMP of juvenile pig pancreata, we included an analysis of the size distribution of the islets in the purified preps showing that >90% of the young pig islets fall within the range 50-100 μm and very rarely were any islets found with diameters greater than 200 μm (47). In contrast, the micrographs here (Fig. 1) show that most of the pancreatite structures are much bigger (>100 μm) and often substantially larger, as illustrated by the large (387 μm) structure in Figure 1E . It is likely that the changing size, morphology, and cellular composition of the pancreatite structures gave rise to some error in the estimate of IEQs for the purpose of tissue quantification. The reported data are based on the usual convention of counting individual islets that are primarily composed of DTZ-stained endocrine cells only, while these pancreatites were composed of both exocrine and endocrine cells. This complication undoubtedly led to an overestimate of the islet mass transplanted in the nude mouse assay and may in part be responsible for the delayed graft function observed in some recipients as noted above. This is also consistent with the observations in several other studies involving the transplantation of adult pig islets in which the numbers of IEQ transplanted show considerable variation and range 10-fold from 1,000 IEQ/mouse to 10,000 IEQ/mouse. Moreover, the time-to-normoglycemia showed considerable variance, often taking >50 days (41). Hence achieving glycemic control in 47% (8 of 17 transplanted mice) in this study is comparable with reports in the literature for adult pig islets as discussed by Rijkelijkhuizen et al. (41) . Further extended studies will necessitate a titration of the pancreatite dose in the transplanted mice to resolve this issue of the critical b-cell mass within the pancreatites necessary for achieving glycemic control.
Advantages of the Juvenile Pancreas Model Over Existing Models of Neogenesis and Transdifferentiation
A variety of strategies are currently being investigated to deliver regulatory factors to pancreatic cells, in vitro, aimed at increasing b-cell mass for transplantation. Transdifferentiation of a-cells into b-cells is another approach that has merit for in vivo regeneration and neogenesis (23). The processes of neogenesis of b-cells in vitro are currently inefficient for adult human cells and do not generate sufficient b-cell mass to normalize hyperglycemia (23). In contrast, we demonstrate here preliminary data showing that the pancreatite cell clusters derived from juvenile porcine pancreata are able to reverse diabetes in a diabetic nude mouse model (Fig. 4) . The association of multiple cell types in the formation of the pancreatite cell clusters is another important characteristic with potential therapeutic benefits since there is mounting evidence for improved transplantation outcome using impure islet preparations containing non-endocrine cells, notably ductal epithelial cells (50). In the broad context of processing tissue to generate a readily available cost-effective product for therapeutic treatment of diabetes, the novel "pancreatite" structures derived from juvenile pigs are potentially an innovative solution to the inevitable deficiency of supply of human tissue.
The delayed return to glycemic control, which took, on average, 25 days, may be an indication of the generation of a critical mass of insulin-secreting cells by cell division as evidenced by the positive Ki-67-MiB staining in the explanted grafts (Fig. 3B ). There is insufficient evidence in this preliminary study however, which did not include a rigorous correlation of insulin immunostaining colocalized with the evident Ki-67 staining, to fully support this hypothesis. Nevertheless, the phenomenological appearance of strong insulin, glucagon, and Ki-67 staining in the explants supports the notion of ongoing islet development and maturation in the graft and provides encouragement for further, more in-depth studies to test this hypothesis.
CONCLUSIONS
The pancreatites (pancreatic cell aggregates) derived from the preservation, isolation, and culture of juvenile porcine pancreas tissue using the described techniques could provide an unlimited source of b-cells to integrate into a reproducible, economic, and safe system for therapeutic and research applications. Moreover, the model we propose here meets the stringent economic demands that have emerged in the healthcare marketplace and could be a cost-efficient alternative to standard management of diabetes (2). We conclude from these preliminary observations that immature islets isolated from juvenile porcine pancreata form cellular aggregates comprising both exocrine and endocrine cells in modified tissue culture. This phenomenon has not previously been reported to our knowledge, presumably because of the notorious difficulty of maintaining juvenile pig islets in conventional tissue culture. 
